The products of the Information Age give geotechnical engineers powerful tools to perform their work. One view of geotechnical engineering is that Information Technology (IT) tools may replace many of the functions that geotechnical engineers now perform. This view can be framed to argue that the right IT tools will even replace the need for engineering judgment. Since geotechnical engineers rely heavily on their engineering judgment to formulate and defend their arguments, this view would mean a major change in the way we do geotechnical engineering. This paper looks at geotechnical engineering in today's IT dominated world and considers ways that geotechnical engineering may change as the IT tools become increasingly powerful and pervasive. The paper's aim is to stimulate people's thinking about how we can make more effective use of IT tools in our future work. For experienced engineers, the result is insight to the important role of engineering judgment in an IT dominant world. For young engineers, the paper provides perspective on the role of IT tools in engineering practice and how they may develop their judgment skills. For non-engineers, such as owners, regulators and attorneys, the paper can help them better understand how geotechnical engineers think, or should think.
Introduction
Today's Information Technology (IT) tools and systems are providing a quantum jump in the capabilities of the tools to help us do geotechnical engineering. Will current and future developments in IT supplant the geotechnical engineer the way it did draftsmen and secretaries? Having been involved with the application of IT technology for over thirty years, it seemed appropriate to consider where we are and where we may be going with applications of IT to geotechnical practice. First, we need to establish the controlling factors and a framework to pursue this assessment.
The practices of geotechnical engineering and engineering geology require us to work with very limited data about a complex environment where conditions can change radically over a short distance and with time. Geotechnical engineers and geologists use scientifically accepted principles of interpolation, extrapolation, deduction and inference together with their judgment to extend this limited information to a generalized model of the subsurface conditions at a project.
The basic properties of the geologic materials -strength, stiffness and permeability -are not constant, nor unique. These properties depend on the structure of the materials; the past, present and future values of stresses including pore pressure acting on the materials; and time. (Lambe 1967; Lambe and Marr 1982; Ladd and DeGroot 2003) No device has yet been developed that measures the properties of these materials for the exact conditions that exist during construction and operation of a constructed facility. We must rely on simplified test devices, conversions, correlations, approximations and our engineering judgment to deduce the material properties to use in our analysis and design.
No soil model exists to capture all of these effects within our analytical methods. We apply judgment to transform the known information about the geometries and materials' behaviors into parameters our analytical methods will accept. We apply judgment to fit the results of the analysis to the unique circumstances of the project and develop a workable design.
Because of this complex state, experienced geotechnical engineers know to observe the actual performance of the facility during construction and be prepared to make modifications if required. They The above describes five stages that we go through in a good geotechnical program: Information, Analysis, Prediction, Observation and Evaluation. Using the current business modeling concept of Process Management, it is helpful to look at the practice of geotechnical engineering as a process. Figure 1 illustrates the geotechnical engineering process, or G.E. Process for short. A process is a related group of tasks that together create a result of value to the client (Hammer 1997) . The transition from one step of the G.E. Process to the next involves a very complex set of human actions, which I have characterized as Thinking. Thinking pulls together the available information; tests it for logic, reasonableness and truth; forms conjectures, hypotheses and conclusions; and develops arguments to present the conclusions. Thinking involves deduction, induction and judgment in every step of the G.E. Process. Thinking also involves the detection of inconsistencies and gaps in the results of earlier steps that introduces feedback loops to one or more earlier steps of the geotechnical engineering process.
Fifty years from now, I expect geotechnical engineers will follow the same process outlined in Figure 1 . However, IT tools will considerably change how we carry out each stage of the G.E. Process. The schematic shows thinking to be an integral part of each stage of the process. It seems worthwhile to try to understand more about what thinking really is, and how it might be impacted by IT tools.
The intent of this effort is to understand more about the process of geotechnical engineering and the opportunities for IT tools to help improve that process. For experienced engineers, the result is insight to the important role of engineering judgment in an IT dominant world. For young engineers, the paper provides perspective on the role of IT tools in engineering practice and how they may develop their judgment skills. For non-engineers, such as owners, regulators and attorneys, the paper can help them better understand how geotechnical engineers think, or should think.
Thinking
Thinking is the operation that moves us through the different phases of the G.E. Process. Thinking is the mental processes that help us organize information, draw conclusions and assess the reasonableness of the results. Facione (1998) identified several types of thinking:
• Critical -the process of purposeful, self-regulatory judgment. In this process we give reasoned consideration to the evidence, context, conceptualization, methods, and criteria by which those judgments are made. (taken from APA Delphi 1990).
• Creative -innovative thinking that leads to new insights, novel approaches, fresh perspectives and whole new ways of understanding and conceiving things • Kinetic -thinking that instantly coordinates movement and intention • Meditative -thinking that seeks inner peace or divine inspiration • Instinctive -innate thinking essential to existence, development and preservation Much consideration has gone into determining the basic elements of critical thinking in connection with (Facione 1999) grade school teaching in the United States. Critical thinking is considered to be an essential skill to be developed in the educational process. Experts have shown that one's critical thinking skills can be improved.
It is fascinating that the definition of critical thinking by prestigious intellects of our time equates critical thinking to judgment. Is critical thinking the same as that elusive term we all draw upon and call "engineering judgment"? Is critical thinking what Peck was questioning in his 1980 paper on where has the judgment gone? Might we gain more insight to engineering judgment by looking at what critical thinking means? Facione (1998) provided an interesting illustration of the core skills required for critical thinking. Figure 1 reproduces his illustration. These core skills were defined in depth by a national panel of 45 experts (Fancione 1990 ) who focused on how to improve thinking skills in child education. Table 1 summarizes the definitions for each element of the critical thinking process. Notice the inclusion of judgment throughout these definitions -indeed judgment is central to all critical thinking. Critical thinking is central to all of geotechnical engineering. Therefore judgment is central to all aspects of geotechnical engineering.
The interpretation element of critical thinking will become increasingly exercised as our IT tools develop and deliver Being able to state the results of one's reasoning; to justify that reasoning in terms of the evidential, conceptual, methodological, criteriological, and contextual considerations upon which one's results were based; and to present one's reasoning in the form of cogent arguments. The sub-skills under explanation are stating results, justifying procedures, and presenting arguments.
Self-regulation
To self-consciously to monitor one's cognitive activities, the elements used in those activities, and the results educed, particularly by applying skills in analysis, and evaluation to one's own inferential judgments with a view toward questioning, confirming, validation, or correcting either one's reasoning or one's results. Selfregulation includes two sub-skills: self-examination and self-correction.
information at a rate that is increasing exponentially. One challenge we face is how to improve our ability to interpret more information appropriately and quickly without overlooking or discarding important information. Analysis can also be thought of as "problem solving" whereby one moves from an initial problem state to a solution, using generic heuristics or rules of thumb, or discipline-specific procedures. Problem solving narrows options and seeks to arrive at an optimal solution (Gibson 1995) . The experts included examining ideas, detecting arguments, and analyzing arguments as sub-skills of analysis. Analysis is the element of critical thinking on which engineering education focuses.
Evaluation is sorting the good and useful information from the rest of the clutter. As sub-skills of inference, the experts listed querying evidence, conjecturing alternatives, and drawing conclusions. Inference can be seen as reasoning, or weighing pros and cons of varying courses of action, guided by certain criteria.
Explanation involves forming the results of our reasoning into logical arguments that satisfy ourselves that our thinking framework is consistent and our conclusions sound and then explain our results to others.
Self-regulation builds the exceptional engineers. Facione considered this skill the most remarkable of all because it allows good critical thinkers to improve their own thinking. He compared self-regulation to a recursive function in mathematics, which means it can apply to itself. You can monitor and correct an interpretation you offered. You can examine and correct an inference you have drawn. You can review and reformulate one of your own explanations. You can even examine and correct your ability to examine and correct yourself. You can step out and say to yourself, "Is this reasonable? Have I missed anything important? Let me double check before I go further."
The experts also looked at the characteristics of good critical thinkers when approaching issues, questions and problems. Table 2 summaries these characteristics. Considering the equality of critical thinking and judgment, we can consider these characteristics to be those of someone with good judgment. (APA Delphi, 1995) This section on thinking started out to understand more about the role of thinking in the G.E. Process and has discovered a comprehensive and powerful definition for judgment. Judgment is critical thinking. Judgment is reasoning. Judgment is a cognitive ability to contemplate an object or situation and, on the basis of its perceived attributes, to come to some conclusion regarding it (Parkin 2000) .
What does this exposé on thinking have to do with the geotechnical engineering in the Information Age? It helps us assess the likely role of engineering judgment in our future work. Will increasingly powerful IT tools replace the need for engineering judgment? Some have the attitude that judgment is "...a geotechnical metaphysics of sorts -ill-defined, unreliable, and possessed by those of a certain age." (Vick 2002) . Others see judgment as "…the last refuge of the analytically inept" (Vick 2002 ). Hartford and Baecher (2004) wrote, "Some see engineering judgment as little more than guesswork, a flimsy substitute for logic and reasoning." If these views are correct, then IT tools based on codes and standards will replace the need for engineering judgment and do so quite rapidly. However, once we understand more about what judgment is, Characteristics of good critical thinkers --Clarity in stating the question or concern --Orderliness in working with complexity --Diligence in seeking relevant information --Reasonableness in selecting and applying criteria --Care in focusing attention on the concern at hand --Persistence though difficulties are encountered --Precision to the degree permitted by the subject and the circumstances --Inquisitiveness with regard to a wide range of issues --Concern to become and remain well-informed --Alertness to opportunities to use critical thinking --Trust in the processes of reasoned inquiry --Self-confidence in one's own abilities to reason --Open-mindedness regarding divergent world views --Flexibility in considering alternatives and opinions --Understanding of the opinions of other people --Fair-mindedness in appraising reasoning --Honesty in facing one's own biases, prejudices, stereotypes, or egocentric tendencies --Prudence in suspending, making or altering judgments --Willingness to reconsider and revise views where honest reflection suggests that change is warranted i.e. critical thinking as discussed above, we can see that judgment plays a central role to every part of the G.E. Process. The Self-Regulation component of judgment allows our judgment to always improve. Until IT tools become self-replicating and self-improving they can never replace engineering judgment. Instead of engineering judgment becoming less important in the future, a strong argument exists that it will become increasingly important. The Interpretation, Evaluation and Inference components of thinking will be heavily exercised as we struggle to stay ahead of information overload. The exponential growth of IT tools forces us to think harder about which tools are appropriate to our problem. And the demands on our time taken by the explosion of information and IT tools pull us further and further from close contact with the look and feel of the actual site conditions. Instead of rejecting judgment, we need to better understand what it is and how we use it. We need to determine ways to develop good engineering judgment in our engineers. I see the role of IT tools as providing us with methodologies to assist us in finding and evaluating information, performing analyses to guide our judgment, and helping us present the results of our work to others in ways they can understand. To succeed and stay ahead, we will have to use our engineering judgment more than ever.
I have identified the following challenges for improvement of our critical thinking abilities: Practice-• Encourage the development and refinement of thinking skills in work force.
• Support continuing education, especially where the course engages critical thinking skills.
• Do in house workshops on the nature of engineering judgment and its appropriate use. Education-
• Adjust engineering curriculums to more fully develop all six elements of critical thinking.
• Help students understand what engineering judgment is and what it isn't.
• Teach techniques for improving engineering judgment.
Research-
• Cross-disciplinary works to help us better understand what engineering judgment is, how it can be improved, and how we can better use it.
• How to make IT provide results that enhance our critical thinking abilities.
Investigation
The Investigation stage of the G.E. Process gathers information from many sources, including conversation and one's experiences, to produce a definition of the problem, the goals and objectives, as well as the limits and constraints (what performance is required). Most geotechnical engineers have highly honed skills for this process. We research the files, ask questions, make visual inspections, take samples and run tests. Some of the geo-community focuses primarily on this element of the G.E. Process. Indeed some think that too many of us focus only on this phase as expressed in their description of the geotechnical activity as "three borings, a cloud of dust and a report."
The Information Age is delivering more information than we can possibly process. What are the implications of this condition on how our profession evolves into the future? After all, geotechnical engineering is the only engineering discipline that has had to consistently make significant predictions with too little data and use relatively low factors of safety. Now that we're into the Information Age, will the explosion of information improve the G.E. Process?
There are certainly enough devices coming from the IT factories to overwhelm us with data. Aman et al (1997) provides a through review on these devices and their application. Perhaps we will soon see more useful two-and three-dimensional information coming from geophysical methods such as the SASW technique and ground penetrating radar. Sabatini el al (2003) provide a thorough review of available methods for laboratory testing of soils. With today's electronic tools we can record just about every aspect of the mechanical behavior of geotechnical materials and document it with digital images. We have massive data generators pushing information at us all the time. How do we sort the good from the bad? What is the science behind this? Information must be obtained, verified, validated, evaluated and used appropriately. Today's IT tools help us obtain data but they have very little ability to verify, validate or evaluate data; nor do they have the ability to figure out whether a specific data value is the appropriate one to enter into an analysis.
It would seem that our IT tools might help use to make better use of statistics and probability to sort through all this information. Statistics and probability concepts are not easy for the typical geotechnical engineer to apply, primarily due to too little training. I took two university courses in probability and statistics and spent unknown hours reviewing books and papers; yet I still have difficulty properly formulating a simple hypothesis testing problem. There is a lack of simple, clear examples of common usage provided in books and taught in the universities. What is the value in teaching our geotechnical students multivariate stochastic process theory before they can properly formulate a sampling program based on statistical reasoning? Geotechnical engineers must become as proficient with statistics and probability as they are with stability analysis and settlement analysis. IT already provides powerful tools to run the numbers for those who can formulate the appropriate question.
Many technologies exist for obtaining information about our sites but we have difficulties presenting their benefits to clients, especially when our competitors are telling the client that these technologies are a waste of money. How will we overcome this problem as developments in other fields overwhelm us with IT tools? Imagine that you could use the Internet to access geologic maps and reports with any relevance to your site, environmental records including weather, hydrologic maps and reports, prior site uses, topography and photography to 1 ft resolution and previous boring and test pit logs -the Nexis of geotechnical engineering? Or suppose you could start with a Google map of the world where you could drill down to the location of your site and get all of the information known in the vicinity of your site like you can now for travel and shopping? What if the information could be displayed in a way that visually indicated its relevance and quality?
How could we collect the exploding bodies of information related to geotechnical engineering into a central location to be of use to everyone? Is this a role for the Geo-Institute, for government, or does it belong to private enterprise? Our clients would benefit but most of them would not see the connection. Our governments would benefit from less expensive and safer facilities. Our profession would benefit from delivering higher value and reducing our own risk. Owners and Contractors benefit as well.
Evaluating data is hard work -it requires one to do heavy thinking. Evaluating information is one place where we can set ourselves apart from the competition. Evaluating data is where geotechnical engineers can provide great value to their clients.
I have identified the following challenges for improvement of the Investigation stage of the G.E. Process: Practice -• Use best practical technologies to get more and better information • Educate clients on the benefits of obtaining and using better information Education -
• Teach how to obtain meaningful data.
• Teach how to sort the useful stuff from the junk • Develop understanding of the applications of statistics and probability to data collection and evaluation.
Research -
• Determine ways to improve efficacy of investigation and reduce its cost • How to maintain and access legacy data.
• How to select relevant information from the information explosion.
• Methods to improve data collection and evaluation.
• How to make better use of the information?
• Explore the role of new technologies -satellite information, Google maps, etc.
• How to carry along the quality of the data?
Analysis
Analysis takes synthesized data and problem definition from the Information stage, creates a model for the site, conducts calculations and evaluates the results to arrive at a design that meets the project goals. Analysis involves the formulation of a model for the problem, a simplification and representation of the important elements of the site. Thinking synthesizes the important elements to include in the model. Judgment weighs the truthfulness and relevance of the information we have. Thinking evaluates the relevant information to select parameters for the model that reflect actual site conditions. Analysis includes execution of the model with the site parameters to determine the possible responses of the site to the changes we intend to make. Analysis includes the formulation of design alternatives and testing of whether they meet the objectives and satisfy the constraints. The analysis stage raises questions and identifies gaps and weaknesses in our data and model that may require us to return to the Information stage of the G.E. Process. Analysis makes heavy use of deductive reasoning. Engineers have lots of tools for analysis. The Information Age is providing us with increasingly powerful tools the allow us to get closer to modeling reality. Figure 3 shows an example of one of these tools put to use. The project involves the potential storage of cold compressed gas in a solution-mined cavity. The cavity is located 3,000 ft below the ground surface in a 500 ft thick salt layer overlain by a dolomite layer. The mined cavity will have a diameter of 150 ft. After mining the brine will be replaced with gas at a temperature of -150º F and a pressure of 1,500 psi. During operation the temperature may fluctuate between -100º F and -200º F and the pressure between 700 and 1,500 psi. The question is whether the cavity will remain stable and operational. The analysis involves the excavating the cavern to a final shape, replacing the brine with a lighter gas, increasing the pressure applied to the cavern walls, decreasing the temperature at the cavern walls from an ambient 110º F to as low as -200º F, allowing tensile cracks to form, considering the effects of creep which is relatively high in salt, and repeating cycles of pressure and temperature at the cavern wall. Figure 3 shows the model developed for the problem. Figure 4 shows the end result of the analysis done with the program, FLAC. Even though the cold temperatures cause tensile stresses in the radial and tangential directions, the cavern remains stable with a maximum movement of about 9 inches outward from the cavity. The value provided by the advanced IT tools is that we can analyze very complex, coupled problems and communicate the results in terms that are more easily understood. In this case by having a more realistic model of rock behavior and an analytical tool that can couple the important mechanisms into one analysis, we can do things that we did not allow before.
We can allow significant zones of tensile stress to occur and rock to fracture in tension where we never did before. We can do this because we have a realistic model and the model tells us the chamber will remain stable for the worst conditions we will impose on it.
Analysis is where much of the engineering educational time is spent. This is where most young engineers excel (pun intended). Analysis has the potential to be one place in the G.E. Process where IT tools will get the greatest use. Unfortunately too many of us can become lost in the details and joys of analysis to avoid the hard work of thinking and exercising our judgment about what to analyze and what the results mean. Think of the young staff engineer who runs multiple analyses varying every parameter possible and produces lots of impressive graphs but never questions whether the model is appropriate for the actual site conditions. I have identified the following challenges for improvement of the Analysis stage of the G.E. Process: Practice--• Use the best practical technologies to provide clients with best value.
• Educate clients on the benefits of analysis. Education-
• Train students to test their hypothesis and challenge the results of analysis. Research--
• Assess current models and develop better ones.
• Develop new analytical methods to better model reality.
• Add ability to include parameter and model uncertainty in the analysis results.
Prediction
Prediction combines the results of analysis with our experience and judgment to make a forecast of performance. Within the prediction we identify Key Performance Indicators that will tell us whether the design is performing as we expected and whether it will fulfill its intended function. A prediction is much more than the result of an analysis. A prediction includes consideration of the results of analyses and parametric variations and of our confidence in the model and the truthfulness of the information we used. A prediction is the result of the engineer reasoning through all the information and results of analyses produced by the first two stages of the G.E. Process and arriving at a forecast of future performance. The result may be as simple as producing a design that the engineer represents will fulfill the owner's requirements. In this case, the engineer may not produce a formal numeric prediction but she is implicitly predicting that the design will perform as required. Predictions lie at the heart of geotechnical and indeed all of civil engineering practice (Lambe 1973) . Implicitly, prediction is the step that leads to a workable design.
Predictions appear in our engineering reports as statements like the following:
• Many engineers are uncomfortable with presenting predictions. Just ask a structural engineer to tell you the consequence of a one-inch differential displacement to his structure. I increasingly believe that explicitly stated predictions that are well documented and presented with confidence intervals will provide the geotechnical engineer with more liability protection than all the boiler plate language he can fit into a contract.
A significant outcome of the predictive process is Key Performance Indicators (KPIs). A KPI is something that gives us a quantification of current and future true performance of a quantity that indicates success or failure of the design. Typical KPIs for structures are deformation, differential movement, rotation, strain, force and pressure. There are literally thousands of different sensors to measure these parameters. In our current technological economy, the capability and reliability of sensors are increasing all the time while size and cost are decreasing.
Generally, the most useful KPI for infrastructure construction is some aspect of deformation. Unexpected deformations are the consequence of most of the unexpected behavior we must deal with. Undesirable deformations may be static (inertia not significant) or dynamic (inertia affects performance). Unexpected deformations result from uncertainties in our predictive models and the input data as well as variables introduced by the construction processes. Static deformations progress from minor acceptable values to complete collapse. It is precisely this continuous aspect of deformation that makes it a useful KPI. Measured deformation can be a reliable predictor of future performance. Table 1 summarizes the effects of deformations as a progression in increasingly severe consequences. Clearly risk increases as the level of deformation progresses from one state to the next. Measurements of deformation which establish the magnitude and rate of change allows us to predict the future with increasing reliability as we progress from the early stages of design through construction. The better we can anticipate the future and reduce unexpected performance, the better we can manage risk. The goal of all performance monitoring programs should be to keep actual performance from progressing to any level above that we have accepted and for which we have prepared. Some measurements help us anticipate and predict future deformations. These include:
• Measure excess pore water pressures in the ground that will dissipate over time and cause movement.
• Measure drawdown of groundwater that may cause movements over time.
• Measure corrosion rate or volume change to detect deterioration of materials from chemical causes.
• Measure rate of weathering, erosion, or clogging to detect deterioration of materials from physical causes.
• Measure rate of wear or fatigue to detect deterioration of materials from mechanical causes.
• Measure change in forces, stresses or strains to detect unexpected loading • Measure construction processes to infer likely effects on material properties and hence future performance.
There may be KPIs other than deformation. For projects in urban areas, noise and discharges of gas, fluids and solids can be important elements affecting the progress of the work; they can be KPIs. In soft ground tunneling projects, ground performance can be a direct function of how the tunneling machine is operated; consequently we may monitor machine parameters like thrust and slurry pressure as KPIs. Unfortunately in many of today's geotechnical designs, KPIs are not explicitly identified.
I have identified the following challenges for improvement of the Prediction stage of the G.E. Process:
Practice -• Identify Key Performance Indicators and explain them in our documents.
• Become more explicit in our predictions. Education -
• Help students understand the difficulty of making accurate predictions and the potential consequences from their predictions.
Research -
• How can IT tools help us improve our predictions?
• How to use IT tools to determine and show the reliability of our predictions?
Observation
Observation involves the process of taking information from the Prediction stage of the G.E. Process to establish a monitoring program, obtain the measurements and verify that the measurements are accurate and truthful. Observation provides us with the true measure of how the site behaves over the course of our work.
Observation is critical to the G.E. Process as Peck (1969) so elegantly described. It provides us with additional information about the site that could not be obtained in the Investigation and Analysis stages. Monitoring provides us with quantitative information on actual performance. We compare the measured performance with the predicted or expected performance. Differences indicate the effects of uncertainties in our design. We need to evaluate those differences to determine what they indicate for future performance. If the anticipated future performance is unacceptable, we look for changes, modifications, and remediation that can be made to alter the future performance.
Observation consists of visual examinations and measurements of KPIs. The human eye is one of the most powerful observation tools we have. It can reveal inconsistencies in our data and analyses as well as disconnects between our model and reality. However the power of vision is limited by the time one can spend on the site, inadequate precision of measurement, and more importantly our inability to see inside. We use measurements from instruments to help us overcome these problems. IT tools provide tremendous capabilities to observe and measure things. There are sensors for just about everything one would want to measure about the physical environment. The futurists tell us that we are entering a wired world where everything will be monitored and reported anytime, anywhere. The geotechnical profession is getting very close to having this capability. Figure 5 shows a system we have developed to place data from a sensor located anywhere in the world onto the screen of an IT device with an Internet connection. This system can also automatically notify someone that a KPI has exceeded a Limiting Value.
One manifestation of this wired view of our world is already occurring in the field of "structural health monitoring." This involves placing sensors on and within a structure to constantly monitor the pulse of the structure. The idea is that deterioration or malfunction of a part of the structure will alter the pulse in a way that we can identify and correct the problem before failure occurs. The ideal system will tell us the remaining useful life in the structure enabling the owner to plan repairs, renovations and replacements. Several bridges are already being wired with sensors to monitor their structural health. We are working with a geotextile material that has fiber optic strain gages embedded into it during the manufacturing process. The instrumented material will be installed just like the virgin material. Data will tell us the level and distribution of strain along the geotextile element over the life of the facility. We see applications for this material to monitor subsidence of roads and railroads constructed over Karst features and mined areas where future sudden subsidence may occur.
As the IT tools provide us with increasing quantities of data, we are faced with finding ways to assess the validity of the data and to convert the raw readings into quantities that correspond to one or more of our Key Performance Indicators. We need better IT tools that work behind the scene to:
• Identify suspect data quickly so the root cause can be sought and displayed data cleansed.
• Identify and separate secondary effects on the data, such as those that come from temperature change, tidal fluctuations, barometric pressure changes and rainfall.
• Identify and remove outliers.
• Compare changes and trends of multiple instruments to collaborate that significant change has occurred.
• Consolidate and archive necessary data.
• Report data in ways that others can easily understand. However these tools cannot supplant the need for an "effective" monitoring program. An effective monitoring program is one that provides meaningful and reliable measurements at close enough intervals that the factors affecting performance can be captured and the results used to benefit the client and the engineer. Table 2 lists the primary components of an effective monitoring program. (Marr 2005 ).
• Measure Key Performance Indicators.
• Action Levels and responses must be established up front.
• Data must be reliable.
• Measurements must be taken with sufficient frequency to capture the unexpected performance as earliest possible stage.
• Measurements must be evaluated in a timely manner.
• Preplanned action must be taken when Action Levels are reached.
The importance of measurements is not unique to geotechnical engineering. Hammer (1997) summarized an often-expressed view in management circles, "Things measured improve -all others eventually fail." If we want to improve performance on our projects, we must measure Key Performance Indicators. Hummel and Huitt (1994) summarized another role of measurement with "What you measure is what you get." This expresses the benefit of observation and measurement to improving quality. My all time favorite expression on the role of measurement came from Admiral Grace Hooper of the US Navy who was a member of the original team that came up with the word "bug" to describe a problem with a computer program. Speaking to a group at Harvard University, she expressed her view that "One accurate measurement is worth a thousand opinions." Our engineering judgment and geotechnical practice improve when we make observations of actual performance.
Leaving out observation produces a disconnect in the G.E. Process. We have no feedback information with which to assess our prior judgments and upgrade our reasoning tools. Without observation, we cannot complete the G.E. Process.
I have identified the following challenges for improvement of the Observation stage of the G.E. Process: Practice--• Push harder to stay involved with the project through the Observation stage.
• Improve the execution of observation programs so that result provide more value to the client. Education-
• Help new engineers understand the value of observation to the G.E. Process.
• Focus less on the mechanics and manipulation of data and more on what to measure, how to identify bad data and what to do with the results. Research
• Provide methods to validate data • Develop strategies for optimal monitoring of a facility
Evaluation
Evaluation combines predictions and observations into a synthesized model of how the site actually behaves. Evaluation answers questions. Why did the site behave differently than predicted? What are the implications of these differences? Are future actions required? Did we make a mistake in using our judgment? Evaluation involves an assessment of the analyses, predictions and judgments made in the first four stages of the G.E. Process. It involves comparing observed and measured performance and outcomes to predicted performance and outcomes. Evaluation seeks to understand and explain the differences between predicted performance and actual performance. The driving purpose for this assessment is to determine the implications of the differences. Is anyone in danger? Are changes to the design or construction methods required? Are the facility's functionality or life affected?
Evaluation should also consider measurements that agree with predicted performance. As stated by Vick (2002) , "To say that a model's predictions are consistent with the observations does not prove the model correct." The measurements may fortuitously agree with our expectations today and still differ significantly in the future.
The evaluation stage provides a critical role to the evolution of an engineer's judgment. This is where one has the opportunity to question, confirm, validate or correct one's reasoning, one's methods, one's results and one's judgment. It is also the evaluation stage that leads to a successful project. It is the evaluation stage that points ways to improve our investigative and analysis methods and leads to new methods.
Evaluation requires heavy thinking. We must critically review Figure 6 : Instrument status report from browser screen.
our work in the first three stages of the G.E. Process in the light of the new information provided by the measurements. Everything is subject to question. Are the observations correct? Are they reliable? Are they meaningful to the important aspects of facility performance? Why the difference in measured and predicted performance? Did our predictive model miss some important aspect that is affecting measured performance? Were the parameters we selected correct? Did we miss something in the Information stage or reason ourselves to a false conclusion? Evaluation is asking and answering questions. IT tools currently help us in limited but important ways with the Evaluation stage of the G.E. Process. They can present validated data together with predicted performance in a way that allows us to quickly assess whether further evaluation is immediately required. Figure 6 illustrates how this might be done on a site that contains hundreds of instruments being read every hour. The information is summarized and displayed with a green, yellow or red symbol to indicate the current reading compared to the Limiting Values. Green means the instrument is functioning and the instrument's reading is within an acceptable range for the current status of the project. Yellow means that the instrument is reading outside the acceptable range and that further evaluation is required soon. Red means that the instrument reading is outside an alarm range and that construction activities must cease immediately. Tools like this are of tremendous value on projects where changes may occur rapidly.
IT tools offer the potential to combine measurements with predictions to produce a revised prediction of the future. One way to do this is to use mathematical analysis to identify a function that closely fits the measurements over time; then use this function to extrapolate into the future. Figure 7 shows an example where a math toolkit was used to screen 2,500 functions to find the one giving the best fit to the field measurements on a piezometer. Considering the number of reversals in the data, it is remarkable how well a function can be found that closely approximates the measurements. Most of today's young engineers are very proficient at applying this type of IT tool to fit functions to data and draw conclusions. However, how many look at the next logical step -what does this close-fitting function tell us about future performance. Figure 7 shows the results. The extrapolated value is totally out of the range of possibility at only two reading intervals away! The confidence intervals shoot to plus and minus large values as well. This example shows the outcome of blindly applying IT tools to measured data. Closer examination of the events at the site and the instrumentation system showed that the measurements include effects from changes in barometric pressure and temperature. The reliability of extrapolation might be greatly improved is we also measured barometric pressure and temperature and then fitted a multivariate stochastic model to the measurements. IT has a lot of tools to do this for us but to my knowledge they have not been used to improve the reliability of extrapolation of measured data to predict future performance.
A measurement that is not evaluated soon after it is obtained is useful only to the lawyers and experts doing cleanup work. Either it shows no significant change and therefore is of little interest to anyone; or it shows a significant change but no one knows about it until the damage is done. Ideally every measurement would be evaluated moments after it is obtained and the appropriate action initiated shortly thereafter. Unfortunately file cabinets and computer disks are littered with reams of carefully recorded data to which no one with sufficient knowledge paid attention. This state results from misunderstood goals of the monitoring program, inadequate funding for data evaluation, or ignorance in the management team. We are working on ways to program computers to help with this task to reduce the time between reading and evaluation and reduce the cost. In one approach we make the computer compare the latest reading to the recent history of readings. If the latest reading significantly departs from the historical behavior, then the computer sends an electronic notice to get a responsible person involved in the evaluation. If the latest reading is consistent with the historical behavior, then it is only recorded in a database. This approach greatly reduces the information that a person must deal with and the time required for evaluation; yet, the data get immediate attention when required.
Leaving out observation produces a disconnect in the G.E. Process. We are denied the opportunity to assess our prior judgments and upgrade our reasoning tools. The client also loses the benefits of recognizing unexpected performance early enough to implement alternatives and limit consequences.
I have identified the following challenges for improvement of the Evaluation stage of the G.E. Process: Practice -• Publish the results of our evaluations. Education -
• Teach the importance of evaluation.
Research -
• Elucidate and explain methods of effective evaluation.
• Explore how IT tools might help us make better evaluations faster.
• Develop reliable ways to extrapolate measurements to get modified predictions.
Some Other Challenges
Defensive engineering to protect ourselves, not our clients In my view, much of the work product being delivered by geotechnical engineers is full of disclaimers, weak conclusions and generic recommendations. Rather than doing more investigations, more tests and more analyses, such as happens in defensive medicine, many in our profession seek to avoid responsibility by injecting disclaimers into their work product. Such qualifiers as "Data are valid only at the point and time taken to the extent that the sample was representative of that point." and "This report and the data contained therein were prepared for design purposes only and shall not be construed to represent any conditions that may or may not occur during construction." are rendering much of today's geotechnical practice irrelevant. At the same time, these statements are not providing engineers with the liability protection they seek. We need to improve our application of critical thinking skills to our work, better inform our clients of the risks they face and have them make the hard choices. The explanation part of critical thinking becomes especially important. We need to explain our reasoning, judgment and uncertainties to the client along with options so the client can use their experience and judgment to make the risky choices.
Public perceptions of engineers
Engineers were traditionally viewed as one of the more respected professions. Their designs were admired and their opinions revered. The public increasingly questions whether engineering judgment can be relied on to address concerns regarding public safety -indeed they are increasingly suspect of data and the analyses supporting the judgments (Parkin 2000) . In recent years, US governmental agencies have discouraged the use of the term engineering judgment in their deliberations (Hartford and Baecher 2004) . Juries, urged on by lawyers, who view engineering experts as hired guns are discouraging to an honest professional engineer. Better use of appropriate IT tools, the sensible application of good judgment and clear explanations of our reasoning offer opportunities to improve the public perception of our professional role.
Legal issues
All geotechnical practitioners face the real possibility of defending themselves in a legal proceeding. These proceedings increasingly use the findings of the Supreme Court in the Daulbert ruling to challenge those who rely on their engineering judgment. The Court's decision in Daubert v. Merrell Dow Pharmaceuticals, Inc. assigned the trial judge a "gatekeeping responsibility" to make "a preliminary assessment of whether the reasoning or methodology underlying the testimony is scientifically valid and of whether that reasoning or methodology properly can be applied to the facts in issue." (Reference Manual on Scientific Evidence Second Edition, Federal Judicial Center, 2000) . The Daubert ruling established a standard for assessing the reliability of an expert's testimony (O'Conner 2004):
• Has the scientific theory or technique been empirically tested? According to K. Popper (1989) , "the criterion on the scientific status of a theory is its falsifiability, refutability, and testability." • Has the scientific theory or technique been subjected to peer review and publication?
• What is the known or potential error rate?
• What is the expert's qualifications and stature in the scientific community? And does the technique rely upon the special skills and equipment of one expert, or can it be replicated by other experts elsewhere? • Does the technique rely upon the special skills and equipment of one expert, or can it be replicated by other experts elsewhere? • Can the technique and its results be explained with sufficient clarity and simplicity so that the court and the jury can understand its plain meaning? Approximately 1/3 of the states have adopted Daubert. Another 1/3 use the Frye standard which requires that for the results of a scientific technique to be admissible, the technique must be sufficiently established to have gained general acceptance in its particular field. This is the "general acceptance" test that often requires knowledge of the literature. The remaining third of the states set their own standards for admissibility of expert testimony.
Since geotechnical engineers increasingly become engaged in disputes and litigation as experts or defendants, they should be aware of the Daubert requirements. In my view, much of the solution to our legal concerns in geotechnical practice can come from applying critical thinking to all of our work and ensuring that the six tests used by judges to evaluate our work are satisfied on every project.
Improving the state of our practice
Why is it that our practice has evolved so that the lowest common dominator represents the standard of care; whereas in the medical profession, the best available practices are considered the standard of care? What would happen to our profession if we approached it like a medical practice? Many of us moan about the poor quality of some of the engineering work we see but take no steps to change the situation. How do we raise the bar of professional practice so our knowledge and tools are best used to serve the client? One answer is to educate our clients on the benefits of good engineering; however, it has been my experience that educating clients is a long and expensive process with the benefits lost as soon as the client undergoes a reorganization. Can the Geo-Institute and ASCE help? Should we consider something akin to board certification used in medicine? If we continue along our present path, I can foresee a significant chance that geotechnical engineering will disappear as a separate discipline within civil engineering.
Conclusions
Geotechnical engineering can be viewed as a process that consists of five stages: Investigation, Analysis, Prediction, Observation and Evaluation. Each stage of the G.E. Process requires the application of critical thinking skills. Research done in the education profession has equated critical thinking to judgment; thus judgment plays a central role to every stage of geotechnical engineering process. Judgment is not a faculty possessed only by the silver-haired members of our profession, nor is it limited to an action we take to decide on a final design after we have completed our investigations and analyses. Judgment is critical thinking. Judgment is reasoning. Judgment is arriving at a conclusion from masses of conflicting, contradictory, erroneous, irrelevant information.
Tools from the Information Age are providing us with more and more information and more powerful means to perform analyses. In my view, geotechnical engineering has only begun to adsorb the tools of IT into our work processes. It's hard to see how our profession will keep up with the explosion of information and methodologies occurring around us. Somehow the market will sort this all out but one thing is clear to me. Whatever the new IT tools and their capabilities, they will not replace the need for good engineering judgment in every stage of the G.E. Process. In fact the opposite will prove true. These new tools and capabilities will greatly expand the information and options available to us and force us to use good engineering judgment more than ever.
The five components of the G.E. Process have been described and illustrated in somewhat general terms to provide a framework for considering geotechnical engineering in the Information Age. The discussion is incomplete and the examples limited to my experiences and the available space, but the following conclusion is global. We must do a better job obtaining the right data and processing that data into knowledge that our clients can best use to further their interests and we can use to improve public trust for our work.
In summary, the take home messages of this paper are the following:
• Engineering judgment without relevant experience is weak.
• Engineering judgment without relevant data is foolish.
• Good judgment needs good data and evaluated experience.
• Good judgment is essential for the effective use of IT tools.
• Good judgment is central to geotechnical engineering, even in the Information Age.
